ABSTRACT
INTRODUCTION
Commelina yellow mottle virus (CoYMV) infects Commelina diffusa and is a member of the non-enveloped bacilliform virus group (1) . Recently, CoYMV as well as group members infecting banana, canna, Kalanchoe, rice, Schefflera and sugarcane have been shown to possess genomes consisting of circular doublestranded DNA (2, 3, 4, Lockhart, unpublished; R. Hull and R. Beachy personal communications). The CoYMV genome is 7.5 kb and is not covalently closed because each strand of the genome is interrupted once by a site-specific discontinuity. The name badnaviruses has recently been proposed for group members possessing a dsDNA genome.
The other known group of dsDNA containing plant viruses are the cauUmoviruses (for recent reviews see 5, 6) . The caulimovirus genomes are approximately 8 kb in size and, like the CoYMV genome, both strands are interrupted by site-specific discontinuities. Unlike CoYMV, the caulimovirus genome is generally interrupted by three discontinuities although the genome of cauliflower mosaic virus (CaMV) isolate CM4-184 has only two discontinuities (7) .
The caulimoviruses are believed to replicate their genome by reverse transcription of a greater-than-genome-length, terminallyredundant transcript. It is believed that a virally-encoded replkase (reverse transcriptase and ribonuclease H) is involved in this process and that cytosolic initiator methionine tRNA (tRNA"**;) serves as the primer for minus-strand synthesis. The nomenclature pararetrovirus has been suggested for viruses possessing these properties (8) .
Our analysis indicates that CoYMV encodes a single terminally-redundant genome-length plus 120 nt transcript. In addition, we have constructed two full-length CoYMV genomic clones and determined the sequence of one strand of each. Analysis of the sequence has identified three open reading frames (ORFs). We present and discuss evidence that the largest ORF encodes a polyprotein that is probably processed to yield the coat protein, protease, and viral replicase (reverse transcriptase and ribonuclease H). In addition, mapping of the site-specific discontinuities suggests that cytosolic initiator methionine tRNA (tRNA"* 1 !) and a purine-rich oligonucleotide prime reverse transcriptase-directed minus-and plus-strand synthesis, respectively. Finally, we demonstrate that the cloned CoYMV genome is infective following introduction into C. diffusa.
MATERIALS AND METHODS

Construction of genomic clones
CoYMV virions and virion DNA were purified as described previously (4) . Genomic clones were constructed by ligating CoYMV DNA that had been partially digested with either Clal or Sad into pBluescript KS + (Stratagene). Two clones containing the entire CoYMV genome were identified by restriction mapping. Maps of pCoYMV89 and pCoYMVlOO are shown in Figure 1C .
RNA isolation and Northern analysis
Total RNA was extracted from young infected and uninfected leaves of greenhouse grown C. diffusa using the phenol/SDS method and fractionated using the oligo(dT)-cellulose chromatography protocol in Ausubel et al. (9) . The flow-through and first 1 ml of wash from the oligo(dT) column were collected as the non-polyadenylated fraction and the eluate as the polyadenylated fraction.
RNA was denatured and electrophoresed in a 1 % agarose gel containing 2.2 M formaldehyde (10), transferred and UV crosslinked to GeneScreen (DuPont NEN Research Products), hybridized and washed according to recommendations of the membrane supplier. Hybridization with end-labeled polyuridine was performed at 50°C in 1 M NaCl, 1 % SDS and the most stringent wash was performed at 50°C in 2 X SSC and 1 % SDS.
Strand-specific hybridization probes were made using pCoYMV89 and its approximately half-size derivatives pCoYMVR and pCoYMVL. The plasmid pCoYMVR contains CoYMV sequences from 6328 to 2736 and pCoYMVL contains sequences from 2918 to 6328. Radioactive single-stranded RNA probes that hybridize to either the plus-or minus-strand of the CoYMV genome were generated using either T7 RNA polymerase to transcribe pCoYMV89 and pCoYMVR or T3 RNA polymerase to transcribe pCoYMV89 and pCoYMVL, respectively. Transcription was performed according to the vector supplier. The plasmids pCoYMVR and pCoYMVL were included in the transcription reactions to ensure that the probe encompassed the entire genome. Polyuridine probes were prepared by end-labeling dephoshorylated poly(U) (Sigma; 11).
Mapping the transcript ends
To identify the transcript's 5'-end, the oligonucleotide 5'-CGAAACCTGGCTCTGATACCA-3', that is similar in sequence to the 3'-end of wheat cytosolic tRNA™ 0 ; (12), was synthesized and used in primer extension analysis. The procedure used was an adaptation of the RNA sequencing protocol of Inoue and Cech (13) . End-labeled primer was resuspended at 1 x 10 5 CPM//J in 2 X TK (1X TK is 100 mM Tris (pH 8.2), 100 mM KC1) and total RNA (20 jig) was resuspended by the addition of 5 /d primer and 2.5 jd H 2 O. After annealing the primer-RNA mixture, 0.5 jd 120 mM MgCl 2 , 0.5 /d RNAguard (Pharmacia), 1 /d 100 mM DTT, 1.0 /d of a mixture of dCTP, dATP, dGTP, and dTTP at 20 mM each, and 0.5 /d (20 units//d) AMV reverse transcriptase (Life Sciences) were added. The reaction mix was incubated for 45 min at 42 °C. The reaction was terminated by adding 6 /d of Stop Solution provided with the Sequenase Kit (US Biochemical). The primer extension product was run on a 6% denaturing acrylamide gel next to a pCoYMV89 sequence ladder generated using the primer extension oligonucleotide as a primer. The location of the 3'-end of polyadenylated CoYMV transcript was determined by sequencing cDNA clones to map the junction between CoYMV sequences and the polyadenine tract. Doublestranded cDNA was made from 4 /tg poly(A) + RNA by the method of Aruffo and Seed (14) . Cloning into pBluescript KSwas carried out according to Olszewski et al. (15) . CoYMV cDNA clones were identified by colony hybridization (11) . The 1553 bp Sacl fragment of pCoYMV89 was used as a probe. Sequencing was performed as described below.
DNA sequencing
A series of sequencing templates (plasmids) were prepared from both pCoYMV89 and pCoYMVlOO using the exonuclease HI method of Henikoff (16) . Minipreps of plasmid DNA were prepared using a method suggested by R. Pruitt (personal communication). Cells from 1.5 ml of a saturated overnight culture were collected by centrifugation in a microfuge for 30 sec, resuspended in 400 /d of resuspension buffer [0.2 M Tris-HC1 (pH 8.0), 0.1 M EDTA, 1% (w/v) N-lauroyl sarcosinate and 75 /tg/ml proteinase K] and incubated at 48°C for 15 min. Cellular debris and chromosomal DNA were pelleted by centrifugation in a microfuge for 10 min at 4°C. The pellet was removed from the bottom of the tube and the volume was adjusted to 400 /d by the addition of resuspension buffer. Nucleic acids were precipitated by the addition of 800 /d of ethanol containing 1 mM phenylmethylsulfonyl fluoride, collected by centrifugation in a microfuge for 5 min, washed with 70% ethanol, dried, and dissolved in 20 /d of TE [ 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA]. This procedure generally yields 20 /tg of plasmid DNA which is suitable for restriction analysis and sequencing.
Miniprep plasmid DNA was denatured and neutralized prior to sequencing essentially as described by Murphy and Kavanagh (17) except that Sepharose 4B was substituted for Sepharose CL-6B. Sequencing was carried out using 7 /d of neutralized DNA and a kit containing Sequenase (US Biochemical) as recommended by the manufacturer. In some cases, gaps in the sequence were filled in by sequencing from oligonucleotide primers. Computer analysis of the DNA sequence was performed using programs from the IntelliGenetics Suite.
Primer extension mapping of the 5-end of the minus-and pins-strand discontinuities Purified virion DNA (5-10 /ig) was denatured and neutralized as described above for sequencing templates. Unless indicated, primer extension was performed essentially by the sequencing protocol using reagents provided with the Sequenase Kit. After the labeling reaction, instead of dispensing the labeling mix into tubes containing Termination Mix, 11 /d of a solution of 80 mM dATP, 80 mM dCTP, 80 mM dGTP, 80 mM dTTP and 50 mM NaCl was added. The reaction was incubated at 37°C for 5 min and terminated by the addition of 18 /d of the Stop Solution provided with the Sequenase Kit. Following denaturation by heating at 90°C for 3 min, the size of the reaction products was determined by electrophoresis on a sequencing gel. The sequences of the primers used to map the minus-and plus-strand 5'-ends were 5'-ATGCCGGTTCCCAAGC-3' and 5'-CCTCATCTTT-TTCTCT-3', respectively.
Construction of infective clones
Two constructs were prepared to test the infectivity of cloned DNA. The large Small Sphl fragment of pCoYMV89, the small NdeVSphl fragment of pCoYMV89 and the small NdeVSphl fragment of pCoYMVlOO were purified and ligated together to construct pCoinf. The other clone, pCoinf4 (Fig. 1C) , was constructed by co-integration of pCoinf via its Xhol site into the Sail site of the binary vector pOCA28 (Olszewski, unpublished) . This construct was used for Agrobacterium-mediaXed infection experiments. Ligation products from the reaction that produced pCoinf4 were introduced directly into A. tumefaciens strain A281 (18) by electroporation (19) and propagated in this host because pCoinf4 is unstable in E. coli hosts. This is probably due to the presence of two ColEl origins of replication on the plasmid. A281 transformants containing pCoinf4 were selected on solid LB medium containing carbenicillin (100 /tg/ml), spectinomycin (75 /ig/ml) and streptomycin (300 /tg/ml). A281 containing pCoinf4 was propagated in LB medium containing carbenicillin 100 /tg/ml.
Infection of plants using molecular clones
Two approaches were employed to introduce molecular clones of the CoYMV genome into C. diffiisa. Stem cuttings containing the shoot apex and 3 -4 subtending nodes were rooted in soil Nucleic Acids Research, Vol. 18, No. 18 5507 for 2 weeks prior to use. Plant material was propagated in a growth chamber at 23°C under a 16:8 day:night cycle. In the first approach, pCoinf DNA was introduced into abraded C. diffiisa leaves using the methods that have been described for the introduction of CaMV DNA into turnip leaves (20) . In the second approach, pCoinf4 was introduced into wounded stems using Agrobacteriu/n-mediated infection (21) . The second internode below the apex was wounded and inoculated by stabbing it with a sharp toothpick that had been dipped in a saturated culture of A. tumefaciens. Alternatively, 5 /xl of a saturated culture of A. tumefaciens that had been collected by centrifugation and suspended in an equal volume of sterile H 2 O was injected into the second internode. 
RESULTS
Transcript characterization
When Northern blots containing RNA extracted from uninfected and infected C. diffiisa are hybridized with strand-specific CoYMV probes, one probe does not hybridize to total RNA from uninfected tissues but does hybridize to a 7.6 kb transcript present in total RNA isolated from infected tissues ( Fig. 2A , lanes 1 and 2). The other probe hybridizes only to a 1.1 kb transcript present in both infected and uninfected plants ( Fig. 2A, lanes 3 and 4) . This transcript is host-encoded since it is present in healthy tissue. The function, if any, of this transcript is unknown. These results indicates that only one strand of the genome is transcribed. Hereafter we will refer to the transcribed strand as theminusstrand and the non-transcribed strand as the plus-strand.
There is a considerable smear of hybridization below the 7.6 kb transcript (Fig 2A) . This hybridization couild be due to the presence of many additional smaller viral transcripts or it could be due to degradation products from the larger transcript because it is a continuous smear extending from the 7.6 kb transcrpit rather than being composed of discretely sized RNAs. These degradation products probably arise in vivo rather than during RNA isolation because the phenomena is reproducible between independent RNA preparations and there is no apparent degradation of the 1.1 kb host-encoded transcript. The region of more intense hybridization at 2.8 kb (Fig. 2A, lane 1) is not observed in poly(A) + RNA (Fig. 2B , lane 1) and probably is an artifact produced due to trapping of viral transcripts by ribosomal RNA. Although these results suggest that CoYMV encodes only a single transcript, it is not possible to preclude the presence of less-abundant transcripts because their presence could be obscured by the 7.6 kb transcript degradation products.
To determine whether the viral and host-encoded transcripts are polyadenylated, total RNA from infected C. diffusa plants was fractionated by oligo(dT)-cellulose column chromatography. Figure 2B shows Northern blots of these RNAs. The mass of polyadenylated RNA loaded onto the gel was 100-fold less than the mass of non-polyadenylated RNA so that the ratio of hybridization to polyadenylated RNA and non-polyadenylated RNA should reflect the relative abundance of these forms in vivo. The hybridization pattern indicates that, while a portion of the full-length transcript is polyadenylated, the majority of the viral transcript and the host-encoded transcript appear to be nonpolyadenylated or to have insufficient polyadenylation for retention by the column. Hybridization with end-labeled poly(U) RNA indicates that virtually all of the RNA with hybridizable poly (A) tracts is present in the poly(A) + RNA fraction (Fig. 2B , lanes 5 and 6).
We can not preclude the possibility that some portion of the CoYMV transcript present in the poly(A) + RNA fraction is not polyadenylated and is a contaminate present due to insufficient washing of the column or trapping. However, CoYMV cDNA clones prepared from the poly(A) + fraction are clearly derived from polyadenylated RNA (Fig. 3) indicating that some of the CoYMV transcript is polyadenylated.
Mapping the transcript ends
The 3'-end of the viral transcript was mapped by sequencing through the junction between the genomic sequence and the start of polyadenylation in seven CoYMV cDNA clones. These clones are independent since no two are identical. The 3'-ends of the RNAs giving rise to these cDNAs all map to a 23 nt region (nucleotides 7464-7486; Fig. 3 ). This regions is located between a putative polyadenylation signal sequence (AATAAA) (22) and the tRNA 1 ™* sequence complementarity (see below). The heterogeneity in the sequences of the CoYMV cDNAs is not surprising because the virus inoculum used in these studies is probably heterogeneous. No local lesion host for CoYMV is available. Thus any variability present in the original isolate has probably been maintained. In addition, the virus has been maintained by serial propagation which would tend to promote the accumulation of additional variability.
To map the 5'-end of the viral transcript, a 21-mer oligonucleotide primer 5'-CGAAACCTGGCTCTGATACCA-3' similar to the 3'-end of wheat cytosolic tRNA mct i was used in a primer extension reaction with RNA from infected C. diffusa. The results are shown in Fig 4. The extended primer is 156-157 nt long and terminates at two cytosine residues. No other major products are detected and no major primer extension product was seen using RNA from uninfected tissue (data not shown). Both primer extension with a primer complementary from position 7417 to 7434, 5'-CTTACTTCTCCGAAGAG-3', and RNase protection experiments yield results consistent with those of the tRNA primer (data not shown). Based on this, the 5'-end of the transcript has been mapped to nucleotides 7354 and 7355. The mapping data indicate that the transcript is genome-length plus between 109 and 132 nt. The location of the transcript on the genome is illustrated in Figure 1A .
DNA sequence
The complete sequence of both strands of the CoYMV genome was obtained. To do this, the complete sequence of a single strand of each of two independent genomic clones, pCoYMV89 and pCoYMVlOO (Fig. 1C) , was determined.
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-7340 The complete sequence of the plus-strand of pCoYMV89 is presented in Fig. 5 . This CoYMV genome is 7489 bp in size and the G + C content is 39.6%. Numbering of the CoYMV sequence begins the 5'-end of the putative replication primer binding site (discussed below).
Comparisons of the sequences derived from pCoYMV89 and pCoYMVlOO identified fifteen differences (Table 1) . None of these differences introduce stop codons or cause frame shifts in the major open reading frames (ORFs). Due to the presumed heterogeneous nature of the virion DNA (see above), it is likely that the observed differences between these clones represents heterogeneity in the CoYMV virion DNA population rather than cloning artifacts.
Coding regions
Analysis of the CoYMV sequence identified five putative open reading frames (ORFs) capable of encoding proteins larger than 10 kd. Three of these ORFs are located on the plus-strand of the genome (Fig. 5) and potentially encode proteins of 23, 15 and 216 kd ( Table 2) . Two ORFs, designated x and y, capable of encoding proteins larger than 10 kd were identified on the minus-strand. Since our analysis of CoYMV transcripts has not detected any transcripts from the plus-strand (see above), it is likely that ORFs x and y are not expressed. It is possible that all of the plus-strand ORFs are expressed if this RNA serves as a polycistronic mRNA similar to what is proposed for CaMV (23, 24) .
Computer analysis was performed to determine if similarities exist between the putative CoYMV-encoded proteins and any of the proteins contained in the PIR and Swiss protein data bases. This analysis identified no proteins with similarity to the 23 and 15 kd proteins. Even comparisons between these proteins and proteins encoded by the caulimoviruses, CaMV (25), CERV (26) and FMV (27) ATOAATATAT  OTTACTOAAA  CCATATTATT  ATTOOTTATC  TCOTOACTTA  TATCTTOTTQ  TACAGTCTOT  AGTCCAATCT  GAOOAGCTTO  AGTTGAAGCT  AQCAACATCA  TCOOTATAQO  QQTAQCAAAO  AOCCTCGAAA  ACATTCAAAT  OCCTACTATC  TTGCCAGCAO  AAATCCQtJTC   AATTATGCCA  COAAOCATOA  ATCATAOAGT   OTTCTOOCCI3  TOACAATTAA  AOAOOACAAT  TATOATOTTA  ATOCTAAAU  TOAAATOAAA  ACATCAAAOC  CTCTAAATCT  TOCOTOOTCA  TOTAATOATC  TTGACOAATT  AAOAAAATAC  TCCTCAOCAT  TOAAOAAOCA   AOAAAATATT  AATCAQCCTQ  CAOCCCAOTT  ACTTAACGCT  TOOTCCAATO  AOTTACCATC  COACAGATOO  OCATOOATOO  ATQAATATCA  AAGAATCTTC  AACCAATTOa  AAACAOQGTT  AOCAATCOOT  AOOOTATACT  CCTTAOACTT  AOCAAOAAAA  CAAAGAAAAT  AAOATCAACA  COATAAOOAA  ATOOTOCTOO  OAAATOTTOO   CAACTAOCCT  OCTTTATOTO  COCCCOOCOT  CAATTACAAC  ACAOAOAAAA  AaATOAAOCT  OCTCAOCTOA  AAOAAAAOCA  OCTTOGOATA  TOTCTTATTC  OTOTCCTAOa  CCOTATOCCA  TTCATAAOOT  CAATCOAOAC  TCTCAACATA  CTOCTTAAAO  TTAAOTOCAA  TGOTOACGAA  AOCAAACACA  AOAAGOOCAA  ACTCCCAGOO  AJTOOCTTCT  TTTATOAATO  CGTCTTCAAA  QAACAACATT  CCAAAATOAA  TCAGCCCCAC  AOCTOOTTQQ  OACAAAAOAT  AGAAAAQGTQ  OOTTCTATOA  GAA1UU1OC  AATCCATGGC  OAAOCAATTA  CAOATTTCTT  AOATOCTCTA  TCACTAGAOO  ACATCATCAC  TTCOCAOCOT  AACTTOTTTA TTAOTAAOOA  CWTOOTCCOA  TOTCCTACCT  OOTTATOATQ  CTTCCAATCT  CATTAAAOGA  OTAOTTCCTA  CCAATTATQC  TOAACAAOAA  TACTACCAAT  TCTOOOAAOA  TOATOAATCA  TCATTACAAT  ATOAATCTAO  ATTAATOAAA  CAOOAOOAOC  AAATCCCTAC  OCCAOCATTC  OOCOTAOOAT  CTOCAACATC  OOOACCAOTT  AATTACAOTC  ATOATOQAOO  ATOOAOAATO  OCTATTCTCA  ATATTOCOTT  CTACCTAACC  TTATTCACCA  OTOCAOTgAA  TTATATOAQO  OOAOAAAAOA   TCAATOCOOA  aAAOAAOTCO  ATTACCAAOA  ATTTOOCOAT  CTTAAACCAA  OOACAOCAAT  TCACTOCCAT  TCCAAOOATT  AQOOAOAATT  AOAAOAACTT  TTCTCAACAA   AAOATOTOCT  AATOOCTTAT  TOOATACTOO  OOTOACAOTA  CTTATTOOTO  AAATGATAAT  TTTCTATAAO  QAQCTTTCAQ  TCOCAAOAAA  ATTCTOOAAa  CCAATTAAQC  AOOTCATCCO  CCCCATCACA  ACTOAATCTQ  ACTCAAAATT  ATTCCTAOCA  TTTCAAAOOA   TOOOTTAATC  OOATOTACAA  CAACACCTQA  CAAATTOOTO  AAOATOOTAA  TCATCATAAT  TQATCCAAGA  OATOCAOAOA  TCATAATTCO  AOTTAOATOO  QOAAAOCATA  CTCCATACAO  OATATCCOCC  OAATATTACC  AAAACOAATC  CACTTQTOTA  GTTTTAOTCT Figure 5 . The nucleotide sequence of CoYMV DNA. The plus-strand sequence is presented and numbering begins at the 5'-end of the plus-strand discontinuity.
alignments of these regions from the 216 kd protein with the corresponding regions of the caulimovirus ORFs IV and V proteins are presented in Fig. 6 .
Similarity to the retroelement nucleocapsid protein is limited to a zinc finger-like domain (30) that has the following sequence C-X2-C-X4-H-X4-C. In the case of the caulimovimses, it has been suggested that this motif plays a role in genome replication by binding the greater-than-genome-length transcript and sequestering it so that it can be acted upon by the viral replicases (31) . The coat proteins of CaMV, CERV and FMV, are about 490 aa in size and the zinc finger-like motif is located about 425 aa from the amino terminus. In these proteins, the zinc fingerlike sequence is preceded by a highly basic domain and followed by a terminal acidic domain. The zinc finger-like sequence of the 216 kd protein is preceded by a basic domain and followed by an acidic domain, but is located 878 aa from the amino terminus (Fig. 6 ). These observations suggest that at least (see discussion) a portion of the amino-half of the 216 kd protein becomes the virion coat protein.
When ORF V of CaMV, CERV, and FMV are aligned with the region of the 216 kd protein following the zinc finger-like domain, amino-acid identities of 33, 30 and 31% are observed, respectively (not shown). ORF V of the caulimovimses is believed to encode a polyprotein containing domains with aspartic protease, reverse transcriptase and ribonuclease H activities which is post-translationally cleaved by the polyprotein protease to yield the 'mature' enzymes. Similarity is observed between the 216 kd protein and all of these domains (Fig.6) . In addition, the spatial arrangement of these domains is similar. These similarities suggest that the 216 kd protein is a polyprotein consisting of the virus coat protein, an aspartic protease, and replicase (reverse transcriptase and ribonuclease H) that is post-translationally processed by the aspartic protease to yield these proteins. In addition, these observations suggest that CoYMV is a pararetrovirus that utilizes virally-encoded enzymes to replicate its genome by reverse transcription of the greater-than-genomelength transcript.
Minus-strand replication primer
Cytosolic initiator methionine tRNA is believed to serve as the primer for caulimovirus minus-strand synthesis. Analysis of the CoYMV sequence suggests that CoYMV minus-strand synthesis is primed in a similar manner because a region that can potentially anneal with tRNA ma i is located at nucleotides 1 -23 on the plusstrand of the genome (Fig. 7A) . Nineteen out of 23 nucleotides located at the 3'-end of the wheat tRNA™ 1 , (12) can potentially base pair with this region and thus the CoYMV transcript.
Mapping of the 5-ends of the genomic discontinuities
If CoYMV utilizes tRNA™ 9 , as a primer for minus-strand synthesis the 5'-end of the minus-strand discontinuity should map adjacent to the 3'-end of the tRNA majority of 5'-ends of the discontinuity map to nucleotides 7488-2 (Fig. 7A ). This location is adjacent to the 3'-end of the tRNA™* homology supporting the suggestion that tRNA 1 ™* serves as the primer for minus-strand synthesis.
The 5'-ends of this discontinuity appear to be heterogeneous, spanning four nucleotides. Some of this heterogeneity may be due to variation in the primary sequence of the viral DNA population. Approximately half of the DNA population used in this experiment has a one base pair deletion in the region through which the primer is extended (not shown). This accounts for some of the observed heterogeneity, but the remaining heterogeneity presumably reflects either heterogeneity of the 5'-ends of the encapsidated DNA population or heterogeneity that is generated during isolation of the DNA. Surprisingly, ends mapping to nucleotides 1 and 2 map inside of the tRNA homology. If intact tRNA™* serves as a primer for minus-strand synthesis the 5'-end should map to nucleotide 4789. The reason for this result is unclear, but it is possible that the 3'-end of the tRNAs that serve as primers for minus-strand is heterogeneous.
Using primer extension mapping, the majority of the 5'-ends of the plus-strand have been mapped to nucleotides 4700 and 4701, in a polypurine-rich region (Fig. 7B ). This is similar to what is observed with other retroelements where it is believed that the polypurine-rich region of the RNA transcript serves as a primer for plus-strand synthesis (32) . The mechanism by which this primer is generated is unclear but possibilities include that the polypurine-rich region is either resistant to ribonuclease H digestion and persists or is a target for a specific cleavage event which generates the end that serves as a primer. Recent experiments suggest that retroelement-encoded ribonulease H activity possesses some specificity and that the primer may be generated by a specific cleavage (32 and references therein). Generally, plus-strand synthesis starts adjacent to the 3'-end of the polypurine-rich region. Surprisingly, in CoYMV, the 5'-end of the plus-strand maps inside the polypurine-rich region, with the majority of the ends mapping to the single pyrimidine that occurs in the region. This suggests that the plus-strand primer may be generated by a specific cleavage event. If primers were generated simply as a consequence of the resistance of polypurinerich regions to digestion, then it would be predicted that the major plus-strand end would occur at the 3'-end (upstream) of the largest uninterrupted polypurine-rich region. However, the largest polypurine region is located directly 3' (downstream) to the 5'-end of the plus-strand (Fig. 7B ).
Primer extension mapping was performed using Sequenase 2. The properties of this enzyme have not been completely characterized. Since the 5'-ends of caulimovirus virion DNA have been shown to possess RNA tracts (presumably remnants of the RNA which served as a primer) and it was not clear whether Sequenase 2 possesses reverse transcriptase activity, we examined the effect of pretreatment of the denatured CoYMV DNA with ribonucleases Tl and A on the size of the primer-extended products. This treatment had no effect on either the major plusstrand (Fig.7B) or minus-strand (not shown) extension products. Thus these experiments have mapped the 5'-end of the DNA. However, minor larger extension products (Fig. 7B ) did disappear following treatment suggesting that Sequenase 2 has some ability to use RNA as a template. It is not possible to determine the abundance of RNA tracts at the 5'-ends because, although the insensitivity of the major extension products to ribonuclease treatment may suggest that the majority of the 5'-ends lack an RNA tract, it is also possible that Sequenase 2 utilizes RNA templates inefficiently and thus underestimates the number of ends possessing RNA tracts.
Demonstration that the cloned CoYMV genome is infective
To demonstrate that the cloned CoYMV genome was infective we made and tested the infectivity of pCoinf and pCoinf4. These constructs contain about 1.3 CoYMV genomes and should be capable of producing a complete CoYMV transcript and cause an infection following introduction into C. diffiisa.
Infection did not occur when pCoinf DNA was introduced into plants by either inoculation into abrasions on leaves or by injection (not shown). Similar results were also obtained when plants were treated with purified virion DNA, suggesting that intact DNA was not entering viable cells or that the DNA was degraded before a complete transcript could be produced.
Because Agrobacterium-mediated infection had been used successfully to introduce viral DNA constructs into monocot hosts and cause a systemic virus infection (33), we made and tested pCoinf4. Introduction of the pCoinf4 construct into C. diffiisa by Agrobacterium-mediated infection causes the plants to become systemically infected ( Table 3 ), demonstrating that the cloned genome is capable of producing an infection and that the DNA component of the virion contains the information necessary to cause an infection. The presence of CoYMV particles was confirmed by electron microscopy (not shown). When purified virions are inoculated into uninfected leaves symptoms appear 10-14 days after inoculation. When Agrobacterium-mediated infection is employed symptoms are first observed 16 days after inoculation. Other than developing more slowly, the symptoms observed on 'Agroinfected' plants are indistinguishable from those seen on plants infected using purified virus particles.
DISCUSSION
These characterizations of the CoYMV genome and its transcript have identified a number of features which strongly suggest that CoYMV is a pararetrovirus that replicates its genome by a mechanism similar to that employed by the caulimoviruses. These observations suggest that a virally-encoded reverse transcriptase is responsible for genome replication, that a genome-length plus 120 nt transcript is a template for minus-strand synthesis which is primed by tRNA™^, and that plus-strand synthesis is primed from a polypurine-rich region.
This analysis has identified differences between CoYMV and the CaMV, a member of the other group of plant pararetroviruses. Compared to CaMV, CoYMV encodes fewer transcripts and ORF's. CaMV encodes two abundant transcripts, the 35S and 19S transcripts. We have detected only one CoYMV transcript. The expressed strand of CaMV contains eight ORF's capable of encoding proteins > 10 kd. The products of six of these ORF's have been identified in infected cells. CoYMV transcript contains only three ORF's capable of encoding proteins > 10 kd. However, it is possible that CoYMV and CaMV may encode a similar number of mature proteins because the 216 kd ORF product is a polyprotein and the number of mature proteins that are derived from it is unknown. Caulimovirus-infected cells are characterized by the presence of cytosolic inclusion bodies that contain virus particles (5, 6) . The matrix of the inclusion body is composed of a protein which is encoded by the viral genome. In addition to a structural role, recent studies (34, 35) suggest that the inclusion body protein is a trans-acting factor that facilitates translation of the polycistronic RNA. Badnavirus-infected cells do not contain discernable inclusion bodies. Although virus particles are observed in stacked arrays they do not appear to be surrounded by a matrix (Lockhart, unpublished) suggesting that the CoYMV genome may not encode a structural inclusion body protein. However, since the CoYMV proteins are presumably encoded by the polycistronic CoYMV RNA, it may encode a protein capable of facilitating the translation of this RNA. Attempts to identify an ORF that potentially encodes such a protein by comparisons with the caulimovirus inclusion body proteins have been unsuccessful.
CoYMV ORFs corresponding to caulimovirus ORFs I-HI have not been identified. The caulimovirus ORF II product is believed to be an aphid transmissibility factor. Since mealybugs are the natural vector for CoYMV (3), it is not particularly surprising that an ORF corresponding to caulimovirus ORF II is not present. It has been suggested that the CaMV ORF I product is involved in cell-to-cell movement of the virus (reviewed by 5). Since cell-to-cell movement occurs during CoYMV infection, a CoYMV protein may be involved in this process. It is possible that one of the ORF products of unknown function is involved in this process. However, it is also possible that a protein such as the coat protein could perform this function. The CaMV ORF m product is a dsDNA binding protein (36) . The role of this protein in the virus life cycle is unknown, thus it is unclear if CoYMV should be expected to encode a protein which performs an analogous function.
The caulimoviruses, retroviruses and some retrotransposons encode the gag or coat protein and replicase polyprotein in separate ORFs. In contrast, CoYMV encodes these in a single ORF. Retroviruses express the ORF containing the polyprotein either by occasionally shifting frame during the translation of gag, or by suppressing a stop codon that follows gag. This produces a polyprotein that is processed by the virally-encoded protease. As a consequence of this expression mechanism, production of the structural protein, gag, exceeds that of the replicase enzymes. Unless some mechanism exists to attenuate the translation of the downstream portion of the 216 kd ORF, CoYMV coat protein and replication enzymes are produced in equal amounts. Interestingly, the known plant retrotransposons (37, 38, 39) encode their proteins in a single ORF.
The carboxy-terminal half of the 216 kd polyprotein consists of the protease, reverse transcriptase and ribonuclease H. The nature of the amino-half of this protein is less clear. The presence of the zinc finger-like motif suggests that a portion of this protein is the virus coat protein. The major CoYMV virion coat proteins are 38 and 40 kd in size (Lockhart, unpublished) . In CaMV, the 44 and 37 kd coat proteins are produced by proteolytic processing of the 57 kd ORF IV protein (40 and references therein). If the CoYMV coat proteins are produced by a similar strategy, the amino-half of the 216 kd polyprotein must contain an additional protein of unknown function.
The significance of the presence of both polyadenylated and non-polyadenylated forms of the CoYMV transcript in infected cells is unclear. Since the transcript presumably serves both as an mRNA and as a template for genome replication, it is possible that the different forms serve different functions Polyadenylation has been shown to enhance production of the encoded gene product 16 to 40 fold (41) . Thus the polyadenylated form of the CoYMV transcript may function primarily as an mRNA. In contrast, the non-polyadenylated form might be more available for replication since it would not be sequestered by transcripdonal machinery.
